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ABSTRACT

This final report covers the significant activities associated with the design and development
of Power Conditioning Equipment (PCE) for the Thermoelectric Outer Planet Spacecraft (TOPS)
program. The work was performed under JPL Contract No. 952536 during the period from
April 1969 through December 1971. During this period four quarterly technical reports were
issued along with biweekly progress reports and numerous topical reports. This final report

has assembled the more significant results of this overall effort.

One major aspect of the program included the design, assembly and test of various breadboard
power conditioning elements. Among others these included a quad-redundant shunt regulator,
a high voltage (~ 3500 vdc) Traveling Wave Tube dc-to-dc converter, two-phase gyro inverters
and numerous solid-state switching circuits. Toward the end of the development effort many
of these elements were arranged in a typical subsystem configuration and tests were conducted

which demonstrated basic element compatibility.

In parallel with the development of the basic power conditioning elements, system studies were
continued during the entire effort. As new mission related data became available from JPL,
the design effort for the PCE was examined and a suitable system configuration was gradually

evolved. The salient features of the selected power subsystem configuration are as follows:
e The PCE regulates the power from the radioisotope thermoelectric generator
(RTG) power source at 30 vdc by means of a quad-redundant shunt regulator.

e 30 vdc power is used by certain loads, but is more generally inverted and
distributed as square-wave ac power.

e A protected bus is used to assure that power is always available to the Control
Computer Subsystem (CCS) to permit corrective action to be initiated in re- _
sponse to fault conditions.

e Various levels of redundancy are employed to provide high subsystem reliability.
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GLOSSARY

A/C Attitude Control Subsystem

AEC - Atomic Energy Commission

ASI Amperes per Square Inch

BOM Beginning of Mission

CcCS Control Computer Subsystem
CDS Command Decoder Subsystem
CG Command Generator

CMMA Ceramic Metalized Multigate Array
CT Current Throttle

CTSS Current Throttle Steering Switch
DPDT Double Pole - Double Throw
DVM Digital Volt Meter

EMC Electromagnetic Compatibility
EOM End of Mission

FD&C Fault Detection and Correction

FMECA Failure Mode, Effect, and Criticality Analysis

I/0 Input - Output

KHz Kilo Hertz

LVCO Low Voltage Cutoff

MB Main Bus

Mev Million Electron Volts

MHW Multi-Hundred Watt

MVFD Majority Vote Failure Detector
MPS Measurement Processor Subsystem
OSE Operations Support Equipment
PB Protected Bus

PCE Power Conditioning Equipment
PS Power Supply

Rft Failure Tolerant Reliability
Rpow 100% Main Bus Power Reliability

RDA Remote Decoder Array



RFS
RTG

s/C
SEQ
SRP
SW

TARP
T/C
TCM
TOPS
T/R

TTL
TWT

vi

Radio Frequency Subsystem
Radioisotope Thermoelectric Generator

Spacecraft

Sequence

Shunt Resistor Panel
Switch

Test and Repair Processor

Thermal Control Subsystem

Trajectory Correction Maneuver
Thermoelectric Outer Planet Spacecraft
Transformer - Rectifier

Timing Synchronizer Subsystem
Transistor - Transistor Logic
Traveling Wave Tube
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SECTION 1
INTRODUCTION AND SUMMARY

The effort of this contract was directed at designing and developing the Power Conditioning
Equipment in support of the Jet Propulsion Laboratory Thermoelectric Outer Planet Space-
craft (TOPS), Advanced System Technology Project. The function of this equipment is to
receive power from a Radioisotope Thermoelectric Generator (RTG) power source, condition,
distribute, and control this power for the spacecraft loads. The TOPS mission, aimed at a
representative tour of the outer planets, would operate for an estimated 12 year period.
Unique design characteristics required for the power conditioning equipment results from the
long mission time and the need for autonomous on-board operations due to large communica-

tions distances and the associated time delays of ground initiated actions.

This particular power conditioning equipment contract was specifically initiated as a means

for evaluating the status of various subsystem technologies for extended outer planet missions.
The objectives were to consider subsystem alternatives, conduct trade studies, and identify
and proceed with necessary technology developments. Specific trade studies were concerned
with power regulation, the need for batteries, the selection of bus configurations which yield

a high probability of mission success, and fault tolerance of the power subsystem. Technology
developments pertain principally to techniques for increasing the life of power equipment and
devices. These include examinations of such items as circuit redundancy and the possible

replacement of life limited mechanical relays by solid state switching circuits.

The power conditioning equipment was designed, built, and tested against detailed design

requirements resulting from the studies and spacecraft integration activities.

Significant characteristics for the power subsystem which have resulted from the studies

are summarized as follows:
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Square-wave ac power will be the principal form of distributed power. A project
decision was made in favor of ac because of satisfactory results obtained on previous
JPL programs,

Electrochemical energy storage. will not be used. Power margins from the RTGs are
sufficient to avoid the use of batteries. Maintenance of the necessary margin will
require careful load management of both user power demand levels and the
sequencing of loads.

Fault detection and isolation involves several general strategies:

a. The Control Computer Subsystem (CCS) will provide the logic responses to load
fault conditions including signals to isolate and remove the fault,

b. Power for the CCS and related subsystems will be derived from a separate
power source (protected bus concept).

¢. The power subsystem will contain an autonomous means of load fault removal
as a backup to the CCS fault detection methods. The backup method will, of
necessity, have a reduced capability for fault discrimination and isolation.

d. The power system will provide highly reliable fault detection and correction
capability for PCE faults.



SECTION 2
REQUIREMENTS AND GUIDELINES

The outer planets mission concept, briefly described below, provides the basic guidelines for

developing the PCE designs.

The representative missions use minimum launch energy and are gravity assisted during en-

counters with Jupiter, Saturn, Uranus, and Neptune, The mission is planned for the unique

planetary alignment period that exists in the 1976-1980 time period.

The grand tour mission in 1978-1979 allows encounter with all four of the outer planets in a

single mission. An alternative dual mission places one spacecraft on a trajectory to Jupiter,

Saturn and Pluto, and a second to Jupiter, Uranus and Neptune. The representative arrival

times for a grand tour trajectory are listed in Table 2-1.

Table 2-1. Representative Four Planet Trajectory

Leg
Parameter

Earth-Jupiter

Jupiter-Saturn

Saturn-Uranus

Uranus-Neptune

Launch Date

Departure Date

Departure Date Radius
Arrival Date }
Arrival Radius

Periapsis Date

Periapsis Distance (km)
Swingby Turn Angle (degs)
Flight Time (days)

Total Flight Time (days)

Sept 1977
Dec 1977
920,000 -
May 1979
44,800, 000
July 1979
635, 000
98.0

668.0
668.0

Aug 1979
44,800, 000
June 1981
42, 800,000
July 1981
144,000
84.0

759.0
1427.0

Sept 1981
42,800,000
Sept 1985
51,700,000
Oct 1985
98,600
24.0
1554.0
2981.0

Dec 1985
51,700,000
Feb 1989
86, 800, 000

1210.0
4191.0
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Planet encounter spacecraft operations begin approximately thirty days before closest ap-

proach. The near encounter phase is defined as the twenty-four hour period of closest ap-

proach, with a nominal one hour of occultation at each planet.

of the planetary approach periods for a representative mission,

Table 2-2, Representative Encounter Events

Table 2-2 lists the duration

Event Time - Days

Event Jupiter | Saturn | Uranus | Neptune
Initiate approach guidance measure D-30 D-37 D-37 -
Perform trajectory-correction operation D-24 - D-30 D-100
Initiate far encounter TV operations (Record & D-21 D-36 - D-30
playback daily to E-1)
Perform trajectory correction operations - D-12 D-12 -
Terminate approach-guidance measurements D-5 D-5 D-5 D-5
Initiate near-encounter (N. E.) science D-1 D-1 D-1 D-1
Terminate TV D D-1 D D
Enter Earth-occultation (S/C on inertial control) D+13.7 | D+0.2 | D+2.4 D+2.6
Enter solar occultation D+16.2 | D+0.3 | D+2,7 D+2,7
Exit Earth occultation D+16.6 | D+1.5 | D+3.4 D+.0
Exit solar occultation D+19.2 | D+1.8 | D+3.8 D+4.1
Terminate N, E. science D+1 D+1 D+1 D+1
Playback N. E, stored data D+1 D+1 D+1 D+1
Perform trajectory correction D+20 D+20 D+20 -

Spacecraft load power requirements for each component as a function of mission phase is

shown in Table 2-3. This was supplied and periodically updated by JPL throughout the con-

tract period.

A total load power summary is presented on Figure 2-1,
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Table 2-3. RTG Power Requirements by Mission Phase

(Each Load Includes T/R and Main Inverter Losses)*

Attitude Data Dump
Stabiliza- Roll TCM TCM Approach Far Enter and
Load Launch tion Cruise + Calibrate Maneuver Burn Guidance Encounter Encounter Occultation Ocpultation. Playback

Command Receiver 7.7 7.7 15.4 7.7 7.7 7.7 7.7 7.7 7.7
Tracking Receiver --- - --- - -—- m—- --- 12.2 12.2
RFS Preamp 2.5 2.5 5.0 2.5 2.5 2.5 2.5 2.5 2.5
RFS Control Unit 3.1 3.1 3.1 3. 3.1 3.1 3.1. 3.1 3.
S-Band Exciter T 2.8 2.8 2.8 --- - --- 2.8 - ---
X-Band Exciter --- -=- -~ ’ 6.8 6.8 6.8 --- 6.8 6.8
S-Band Power Amplifier 51.1 51.1 51.1 --- --- --- 51.1 - ——
X-Band Power Amplifier --- --- --- 62.2 62.2 62.2 --- 62.2 62.2
RFS Telemetry 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Control Computer 50.0 :
Measurement Processor 12.0
Data Storage 44.9
Timing Synchronizer 0.5
Flight Command 6.4
Attitude Control Electronics -~
Attitude Propulsion Thrusters -
Gyro Heaters 7.2
Gyro Electronics 9.8
Gyro Spin Motor 12.3
Reaction Wheels ---
Accelerometer -
Cruise Sun Sensors ——-
Acquisition Sun Sensors/Sun Gate ---
Canopus Sensor ——
Sun Shutter ---
Autopilot Electronics 2.6 --- -—- ---
Motor Gimbal Actuators 20.1 --- --- -
Science Scan Electronics --- -— --- 2.5
Science Scan Actuators - --- --- 2.4
AGSS Platform Electronics - - --- -
AGSS Platform Actuators QTS --- -— ---
M.G.A. Pointing Electronics --- —-- 1.3 1.3
M.G.A. Pointing Actuators --- -—- 1.2 1.2
Pyrotechnic Control Unit --- 10.0 ——- n—- 10.
Engine Solenoids —-- .- - - -
Temperature Control - 25.% 25.5 25.5
Approach Guidance Sensor --- -—- ——- -——-
Vector Helium Magnetometer --- 4.6 4.6 4.6
Plasma Wave Detector ---
Trapped Radiation Detector -
Trapped Radiation Instrument -
Micr id Detector --=
Me%egﬁgyggxg{groid Detector .-
Plasma Probe ---
Charged Particle Telescope ---
Radio Emisston Detector ---
Ultraviolet Photometer -—
Infrared Multiple Radiometer ———
IMR Cooler 2.2
Television A (Wide Angle) --- --- - -- -—- --- ==
Television B (Narrow Angle) --
Power Telemetry 1
Power Switching & Logic 4.
TOTAL 242.
6
8

7.7 7.7

--- 12.2
2.5 2.5
3.1 3.1
2.8 ---
--- 6.8
51.1 ---
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Figure 2-1. Load Requirements Summary

The mission is characterized by twelve operational modes with ten of the modes repeated at

each planetary encounter.
Guidelines of a more specific nature concerning the power subsystem are listed below.

1. Power source - 4 RTGs, each rated at 150 watts at beginning of mission and
110 watts at end of mission (12 years).

2, Life - 12 years.

3. No batteries to be used unless higher reliability and/or mission advantages can
be demonstrated.

4. Reliability shall be a strong factor in the PCE design, and shall be achieved
through judicious part selection, use of redundancy, etc. No single component
failure shall cause catastrophic failure of the PCE. No failure in the RTG power
source shall impair operation of the PCE, Additionally, redundant power supplies
shall be used for all mission critical subsystems.

2-4



10,

11,

13.

14,

15,

16.

17,

18,

19,

On/off switching shall be provided for all major spacecraft loads to facilitate
effective power utilization.

All power on/off switches and all primary/standby unit switches shall be com-
mandable by both a primary source in the Central Computer Subsystem (CCS)
and a backup source by ground command through the Command Decoder Sub-
system (CDS).

Telemetry points shall be incorporated in the power subsystem to provide the
CCS with information on the performance of the PCE, so that in the event of
failures, the CCS can take corrective action (switch to a standby unit, remove
a faulted load from the bus, etc. ).

Some capability shall exist in the power subsystem to distinguish between PCE
failures and load faults. The PCE shall be capable of removing faulted loads or
switching to standby PCE units in the event that the CCS is unable to perform
these functions,

Short circuit protection in the form of switches that may be commanded by CCS
or ground command shall be provided for bus protection at the front end of PCE
power supplies.

Circuitry shall be provided to minimize power switching transients and to limit
current in the event of a load or power supply fault.

""Non-toggle'" switching shall be used so that knowledge of switch status is not
required.

Main inverters and dc-to-dc converters shall be capable of free-running should
the synchronization signal be lost,

Weight and volume of the PCE shall be minimized.

Power efficiency of the PCE, including inverters, converters, switches, etc.,
shall be maximized.

Power consumption by the power switching control circuitry shall be minimized.
Immunity to spurious switch operation shall be provided.

The environmental qualification temperature range shall be -20°C to +800C.
The regulation of the shunt regulator shall be traded off against the required
regulation of the various spacecraft loads and the use of post-regulation in the

user subsystem.

The maximum PCE power dissipation shall be 100 watts.
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SECTION 3
POWER SUBSYSTEM DESIGN

The PCE receives power from the RTG power source and regulates, conditions and controls
the delivery of the power to the user loads. At an early point in the program, it was deter-
mined that power at 30 vde from RTGs provides a reasonably efficient Power Subsystem
design (the voltage drops of diodes and transistors represent a sufficiently small percentage
of 30 volts) and also provides a realistic goal as far as RTG design is concerned. Thus, the
selection of the 30 volt value provided the basic parameter for the design of regulation and
conversion equipment, DC power, being characteristic of RTG generation, is required

whether ac or dc is used as the distributed form of spacecraft power.

The question of ac versus dc distribution is ‘mainly a matter of where and how in the system
conversion is made from the basic 30 vdc level to other use levels. Conversion can be accom-
plished in load dedicated dc-to-dc converters, or by transformer rectifier units (T/R) from an
ac bus, In either case, ac transformation is required. Based on the experience gained on
other programs, a decision has been reached by JPL to use the ac distribution approach with
transformer-rectifiers installed at the loads. The system described in this report is based

on this selection, (For more information on the detailed ac vs dc trade study see Quarterly

Technical Report, 1J86=TOPS-480. )
Baseline selections for the subsystem are summarized in Table 3-1. Overall electrical, phy-
sical, and interface characteristics of the present concept are described below. The justifica-

tion for particular system selections is provided under paragraph 4, 0, Design and Trade Studies,

3.1 ELECTRICAL CONFIGURATION

A simplified block diagram of the system is shown on Figure 3,1-1. Four RTGs are used,
estimated to provide a beginning of mission oufput of 600 watts (150 watts each) and a conserva-
tive end of life power (after about 12 years) of 440 watts (110 watts each). The RTG outputs are
combined through isolation diodes to provide a regulated 30 vdc bus, Regulation is accomplished
by a shunt regulator on the main bus, The shunt regulator dissipates excess power by a se-

quence operation of transistor-resistor sections. This type of shunt regulator was selected

because of low dissipation of the transistor elements and minimum interface complexity,
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Table 3-1, Baseline Selections

Function Selection Reason
Power Source RTG s Sun distance
Regulation Shunt regulator Maintain load on RTGs to limit

temperature excursion of the hot
‘junction and also regulate the

30 vdc bus
Distribution (a) 30 vdc to inverters, TWT con- a) Voltage established by RTG
verter & heater loads
(b) 50 rms, 4800 Hz, square wave b) Frequency is within mini-
for distribution to load T/Rs mum weight range
Protection (@) Redundant busses to CCS and a) Assure fault removal capa-
power control circuitry bility
(b) Low voltage cutoff circuit b) Backup to CCS corrective
procedures

(c) PCE dedicated failure detectors c) Criticality of specific units
for mission success

The 30 vdc power is supplied to a main inverter with standby redundancy for generating 4, 8 KHz
50 vrms ac power, This is the power used for general distribution to the spacecraft loads, The
30 vdc power is also supplied directly to the attitude control two-phase inverters, TWT conver-

ters, and heater loads,

An additional ac bus distributes power derived from RTG 1. This protected bus serves as a
redundant source of power to the CCS and associated power control functions. Should power on
the main ac bus fail due to load faults or PCE failures, the ac protected bus would provide the
power required for diagnosis and corrective action by the CCS, The Current Throttle shown in
the output line of RTG 1 has the function of maintaining required voltage levels on the ac pro-
tected bus, If a fault occurs on the main bus with a consequent drop in x}oltage, the Current
Throttle would respond by increasing its series impedance such that its input voltage would be
held constant, In this way the protected bus voltage would be maintained within a close toler-

ance.
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Control of load power switches is accomplished through circuits which receive actuation
signals from the CCS, the CommandDecoder Subsystem (CDS) or theLow Voltage Cutoff (LVCO).
The CCS and CDS relay their signals in digital form through spacecraft command busses to the

Remote Decoder Arrays in the Power Subsystem,
Two independent methods are used to clear fault conditions:

1. CCS Fault Correction - the state of the Power Subsystem is determined by the CCS
by interpreting diagnostic information from the Measurement Processor Subsystem
(currents, voltages, switch states, etc.). Through interpretive subroutines, CCS
identifies and locates faults, overload conditions or other abnormalities and deter-
mines where and how corrective measures should be applied. Such corrective
actions will generally involve switch actuations for load removal or the transfer
from main to standby units. It is estimated that approximately 50 milliseconds
would elapse from the onset of a fault condition until total corrective action took

N place, and restored the Main Power Bus to specification,

2, LVCO Fault Correction - This method serves as a backup to the CCS method by initiat-
ing preprogrammed corrective actions, The existence of a voltage less than 46 vac at
the output of the Main Bus Inverter for 100 milliseconds or greater is used as the
criterion for initiating the corrective actions, These actions would be:

a, Interrupt power to all non-essential loads.

b, Transfer power from main to standby elements within critical load categories,

The above actions will be carried out sequentially, in the order shown.

A more comprehensive subsystem diagram is shown in Figure 3. 1-2. Significant features over

those described earlier are as follows:

1. Inverter failure detectors are provided for both main and protected bus inverters.

2. RTG shorting switches are installed as a convenient means for turning off the space-
craft during ground preparation and checkout operations,

3. Current throttle standby redundancy is shown.

4. Interfaces to other subsystems are included,
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5. Power control and power distribution are shown on the right-hand side of the diagram.

6. Use of the protected bus within the PCE is detailed,

3.2 PHYSICAL CONFIGURATION
Physically, the Power Subsystem consists of four RTGs; a single bay assembly containing

the Power Conditioning Equipment; and a Shutn Panel, which contains the power resistors

for the shunt regulator.

Figure 3, 2-1 shows the physical breakdown of assemblies comprising the Power Subsystem
Weight and heat burden estimates for the PCE, shunt resistor panel, and the RTGs are shown
in Table 3.2-1, Transformer-rectifiers for the detailed conditioning of load power, wheel
inverters, gyro inverters, and TWT converters are considered to be part of the load sub-

systems, and as such are not included in Table 3, 2-1,

4 RTGs

POWER CONDITIONING EQUIPMENT BAY

Shunt Regulator Electronics
Main Inverter Assembly
Protected Bus Inverter Assembly
Current Throttle Assembly
Current Throttle
Steering Switch
Power Distribution Assembly
Power Control Switches
Current Limiters
Low Voltage Cutoff
Power Source and Logic
RTG Isolation Diodes and
Shorting Switches
Telemetry and Command
Interface Electronics

l [

TRANSFORMER-RECTIFIERS
WHEEL INVERTERS
TWT CONVERTERS
GYRO INVERTERS

- SHUNT RESISTOR PANEL

Figure 3.2-1. Component Designations



Table 3, 2-1,

Physical Characteristics

Weight Power Dissipation
Assembly Kilograms (Pounds) Watts

Shunt Regulator Electronics 3,17 (7.0) 0.1 to 50
Main Inverter Assembly (3) 7.48 (16.5) 13 to 27
Protected Bus Inverter Assembly (2) 2,72 (6. 0) 4to8
Current Throttle Assembly 0.45 (1.0) 3 to 10 (normal)
Power Distribution Assembly

Switches (80) 10.70 (23.5) 0

Current Limiter (6) 0.23 (0, 5) 7

Low Voltage Cutoff 0,91 (2, 0) 0.5

Chassis Wiring 2,30 (5. 0) 4
Power Source and Logic 3.63 (8.0) ——

RTG Isolation Diodes -— 16

Telemetry Sensors, Remote Decoders, and Tree -— 10

Switch Segment

PCE Bay Total 31,59 (69. 5) 57 to 132
Shunt Regulator Resistor Panel ) 2,72 (6.0) 0 to 600
Radioisotope Thermoelectric Generator “4) 117.9 (260)

Power Subsystem Total 152, 21 (335. 5) -—

3.3 PERFORMANCE

Power margin status is summarized on Figure 3.3-1. The load profile shown contains

allowances for conditioning and diode losses and therefore represents the power demand

at the RTG terminals, The RTG characteristic curve is based on data supplied by GE's

Isotope Power Operation in connection with the Multi-Hundred Watt MHW) RTG program,

The resulting RTG margins for different planetary encounters are expressed in absolute

power and percent,

Analysis of steady state ripple in Section 4. 7 indicates that filter designs which provide

minimum system weight result in currents which may be 4 percent higher than that in-

dicated by steady state loads., Thus the RTG power should be at least 4 percent higher

than the indicated demand, As shown on Figure 3, 3-1 the presently defined loads and RTG

performance estimates indicate less than 4 percent margin for the last encounter, Since the

RTG performance is of a preliminary nature this margin deficiency cannot be fully evaluated
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at this time other than to bring attention to a potential problem, Solutions may lie in in-
creasing the RTG capability or possibly in accepting degraded mission performance by re-

moving certain less essential loads.

In general the notion of degraded mission modes must be considered for the case where one
or more RTGs fail to produce power, The RTGs are arranged to permit such failures without
endangering the remaining RTGs through the use of isolation diodes, The mission worth un-
der such degraded power conditions has not been evaluated as part of this study since such an
evaluation can be more suitably performed as an aspect of overall system performance, As
an aid in considering degraded power operations, Table 3, 3-1 indicates power margin at

various encounter phases considering the loss of up to two of the four RTGs,

Table 3,3-1, RTG Power Margin, Watts

Number of Power Margin, at Encounter Phase, Waltts

Operable RTGs Jupiter Saturn Uranus Neptune
4 ouié of 4 125 90 38 10
3 out of 4 -20 -48 ~86 -108
2 out of 4 -168 -185 -211 -225

A cursory review of the loads shown in Table 2-3 provides a measure of the practicality of
"degraded power operation, With the failure of one RTG at the Jupiter encounter, for example,
the 20 watt deficiency indicated on Table 3. 3-1 could possibly be c'ompensated for by reducing
heater power or removing several of the less significant science loads for the ""Far Encounter"
phase, Time sharing of certain loads may provide alternative solutions. For later encounters

or larger RTG losses, severe changes in operation would appear necessary.
The electrical characteristics of the various ac and dc power buses which are distributed to

the spacecraft loads are summarized in Table 3,3-2, The dc Protected Bus is shown for

reference only since it is used exclusively within the PCE,
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Table 3,3-2, Bus Electrical Characteristics

AC Main Bus DC Main Bus

e 50vac, rms +3%, -4% e 30vde 1%
square-wave, single-phase |
e Rise Time: 2 microseconds typical ¢ Ripple - 300 millivolts Peak-to-Peak
e Frequency: 4800 Hz (Clocked) ® Transient Response to 100 watt step load:

4750 Hz +5% (Free Run) 500 millivolts excursion

100 microseconds duration

e Rated Load: 315 watts ¢ Dynamic Impedance:

Less than 100 milliohms
(100 Hz to 50 KHz)

AC Protected Bus DC Protected Bus

e 50vac, rms +5%, -6% e 33,4 vde +3%
square-wave, single-phase

s Rise Time: 2 microseconds typical e Ripple - 300 millivolts Peak-to-Peak

® Frequency: 4800 Hz (Clocked) ® Rated Load: 110 watts end of life
4750 Hz +0,=5% (Free Run)
e Rated Load: 100 watts e Dynamic Impedance:

Less than 500 milliohms
(100 Hz to 50 KHz)

3.4 ELECTRICAL INTERFACES

The electrical interfaces to the Power Subsystem that were defined and developed during the

study period are identified in the following sections,
3.4.1 RADIOISOTOPE THERMOELECTRIC GENERATOR (RTG)

3.4.1.1 Steady State Characteristics

Although the RTG is classified 2s a unit of the Power Subsystem, development of its electrical
characteristics under the Atomic Energy Commission MHW-RTG Program paralleled that of
the PCE design, Therefore, it was necessary to establish a typical RTG whose performance

characteristics were and could be representatively used for PCE trade studies,
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Figure 3.4-1 presents the steady state (thermally stabilized) power output, RTG voltage, and
hot junction temperature as a function of RTG current, The change of these characteristics

with time is presented,
The RTG is a diode drop above the 30 vdc regulated bus, and accounting for wiring IR drop
between the RTG and the regulated bus, the terminal voltage of the RTG will be approximately

31 vde, This identifies the operating point on each of the curves,

3.4.1.2 Instantaneous Characteristics

The relationship between the voltage generated by an RTG and the temperature gradient between
the two dissimilar conductors of the thermoelectric device is known as the Seebeck coefficient,

and is defined as:

a = — ' (3-4-1-1)

Where a is the Seebeck coefficient at a particular temperature differential, As the AV of the
RTG is held constant by the action of the shunt regulator, a specific AT will be established
within the RTG,

The current through the RTG is found from:

AT
I = R_RI%R_ (3-4-1-2)
RTG L

o]

Where RRT G is the RTG internal resistance which is constant over small time intervals, and
RL is the combined parallel resistance of the shunt regulator and the spacecraft loads, RL is
maintained constant by the action of the variable shunt regulator impedance compensating for

changes in load impedance (switching loads on or off), With this arrangement, the current

through the RTG is a constant,
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There are operating modes where Ry, cannot be maintained constant,

When the spacecraft load impedance is decreased to the value of R;, the shunt regulator
impedance becomes infinite, Further reduction of the spacecraft load impedance (a short
circuit failure or turning on additional loads) cannot be compensated by the shunt regulator,
and the effect is a decrease in RL‘

From equation (3-4-1-2), a decrease in R_ results in an increase in I,

L
The magnitude of the current will change with time, with an initial value larger than its
steady state value, This is due to the Peltier cooling effect which decreases the AT between

the two thermoelectric surfaces and also changes the Seebeck Coefficient,

The thermal time constant of the RTG is on the order of hours, The decay of the current
magnitude from its instantaneous to steady state value would follow this thermal decay (Ref,
equation 3-4-1-2). As the electrical system response time constant is on the order of milli-
seconds, the instantaneous current value is a significant design parameter for the Power Sub-

system,
If failures within the shunt regulator prevent it from operating to its minimum impedance
range, Ry of equation 3-4-1-2 will increase thus decreasing the RTG instantaneous current,

This lowers the RTG internal IR drop, thus increasing its terminal voltage,

The instantaneous voltage current characteristics for an RTG operating at a nominal terminal

voltage of 31 vdec has been reproduced in Figure 3,4-2,

3.4.1.3 RTG Power Transient at Launch

Launch pad cooling reduces the temperature differential of the thermoelectric surfaces thus re-

ducing the available power from the RTG,

Venting the gas during powered flight allows the hot and cold junction temperatures to increase

to the steady state space operating values,
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The useable RTG power after launch is shown on Figure 3,4-3, For the first 30 minutes after
lift-off, RTG useable power is less than launch pad power, This peculiarity is due to the cold

Junction temperature increasing at a faster rate and reaching equilibrium before the hot junction,
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Figure 3.4-3. RTG Power After Launch

3.4.1.4 Power to Weight Performance

For the purpose of conducting optimization trade studies, a ratio of RTG power supplied per
RTG weight of 1,7 watts/pound was used. When the actual RTG end of mission power output

and weight are known, those studies should be reviewed to determine the impact of any devia-

tion from the predicted ratio,

3.4.2 MEASUREMENT PROCESSOR
The Measurement Processor is the telemetry interface for diagnostic as well as operational

data for the entire spacecraft. All power subsystem analog and digital data are conditioned

within the PCE to the following format,
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Voltage: 0 - 3 vdc
Impedance:

Source Impedance: Less than 10K and greater than 100 ohms

MPS Input Impedance: 1 megohm or greater

The Measurement Processor is generally the source of spacecraft information for the Control
Computer Subsystem, All data to the Measurement Processor is compared with reprogram-
mable limits in order to identify out-of-tolerance conditions., An interrupt signal is generated

to the Control Computer Subsystem when a limit is exceeded,

A list of Power Subsystem measurements to the Measurement Processor is containd in Table

3.4-1,

3.4.3 OPERATIONAL SUPPORT EQUIPMENT

The integrity of the Power Subsystem must be determined before applying power to the space-
craft, Such major sections of the Power Conditioning Equipment (PCE) as the shunt regulator,
the current throttle, and the inverters must always be checked when the spacecraft has been
transported or reconfigured for a different level of testing, The consequence of not taking this
precaution and turning on flight hardware into a faulty power subsystem is destruction of the
loads. Therefore, at the launch pad, the spacecraft umbilical must provide the connections to

control and verify proper operation of the PCE prior to initializing any other subsystem,

Table 3, 4-2 contains the power subsystem umbilieal requirements, The purpose of each of

these is discussed below,

RTG Voltage
Used in conjunction with RTG current to establish proper operating point for the RTG, Also

used to determine voltage across shunt regulator,
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Table 3.4~1. Power Subsystem Measurement

Meaning of or Reaction to Out of Quantity of Sampling
Measurement Reagon Limit Condition Measurements Range Quantization Rate - Redundancy*

.1. RTG Pr » Inert Gas On Pad - Recharge from OSE Reservoir 1/RTG 0 to 30 pst 7 Bits 1/Min
RTG. Required while 1o Earth In Flight - None,
atmosphere,

2, RTG Voltage Determine Operating Polnt of High Voltage of ali four RTGs indicates 1/RTG 0 to 60 vde 10 Bits 12/Min
RTG ~ Determine fatlure of failure in the Shunt Regulator, Can be
RTG. verified by H. V on main bus voltage
monitors. (Add loads to main bus to
lower voltage) High voltage tn RTG #1
could indfcate open circuit fdlure of
the current throttle, Low Voltage ~
Verift of system if all
four indicators are low,
3. RTG Current Used in conjunction with mea- During system overload, RTG current 1/RTG 0-10 Amp 10 Bits 12/Min
: surement 2 to determine RTG goes high as the RTG voltage ia lowered,
output, Decrease {n current while RTG voltage
" indicates d dae
tion of RTG. -
4. RTG Temperature 14/RTG 1800-2300°F 10 Bits 12/Hr
5, Shunt Regulator Used in confunction with mea- High shunt current with low main bus 1 0-5 Amp 10 Bits 20/8ec X
Current surement 6 to determine voltage indicates a shorted shunt regu- {80ms)
available power in the shunt, lator, Low shunt current with high
CCS uses thia dats for power main bus voltage indicates an open
management. shunt regulator.
6. DC Main Bus Used to determine voltage level High voltage indicates open CKT failure 1 25-35 vde 10 Bits 20/Sec X
Voltage and regulation to all DC loads. of shunt regulators. {50ms)
Used by CCS for power manage— Low woltage indicates short of 1 0-80 vdc 7 Bits 20/Sec
ment. shunt Regulator or system overload, (50ms)
7. Main Inverter Used for englneering telemetry 1 0-35 Amp 7 Bits 20/8ec
Input Current DC (50ms)
8. Main Inverter Used to determine voltage level 1 40-60 vac 10 Bits 20/8ec
Output Voltage to all AC loads (50ms)
9. Main Inverter Used to determine current sup- H Ig > I calculated by CCS a current 1 0-21 Amp 10 Bita 20/8ec X
Output Current plied to AC loads, overload exists on this bus. AC (50ma)
Used by CCS to determine
excessive current drain,

10. DC load Current Used in confunction with mea- I I} 9> 1 calculated by CCS a current 1 0-10 Amps 10 Bits 20/8ec X
surement 6 to determine power overload exists on this bus, DC (50ms)
being supplied to DC loads,

11. Protected Bus Used for engineering telemetry 1 0-5 Amps 7 Bits 20/8Bec
Inverter Input DC (50 ma)
Current

12, Prt;tec!ed Bus Used for engineering telemetry 1 27-37 vde 7 Bits 20/Bec
Inverter Input
Voltage

13. Protected Bus "Used by CCSto determine If 133 > 1 calculated by CCS a current 1 0-3 Amps 10 Bits 20/Sec
Inverter Output excessive current drain, overload exists on this bus, AC {50 ms)
Current

14. Protected Bus Used to determine voltage level 1 40-60 vac 10 Bits 20/Sec
Inverter Output to protected bus loads. (50ms)
Voltage

15, PCE Intemal To determine effect of power 4 20 to 120°F 7 Bits 12/Hr
Temp e d on tem- (70 ¢ 50°F)

perature,

16. LVCO Interrupt Determine proper/premature 1 1 Bit 20/Sec
operation of LVCO (50ms)

17, LVCO Inhibjt Determine proper/premature 1 1 Bit 20/Sec
operation of LVCO {50ms)

18, LVCO Bypass Determine proper/premature 1 1 Bit State
operation of LVCO Vector

Rate

19. LVCO Reset Determine proper/premature 1 1 Bit State

operation of LVCO Vector
Rate
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Table 3.4~1. Power Subsystem Measurement (Cont)

Meaning of or Reaction to Out of Quantity of Sampling
Measurement Reason Limit Condition Measurements Quantization Rate Redundancy*
20. Main Inverter Determine faflure of detector 1 1 Bit State
Failure Detector Vector
#1 Output Rate
21. Main Inverter Determine fatlure of detector 1 1 Bit State
Failure Detector Vector
#2 Output Rate
22, Main Inverter Determine failure of detector 1 1 Bit State
Failure Detector Vector
#3 Output Rate
23. Protected Bus Determine faflure of detector 1 1 Bit State
Inverter Failure Vector
Detector #1 Rate
Output
24, Protected Bus Determine faflure of detector 1 1Bit State
Inver